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The integration of conversion processes with anaerobic digestion is key to increase value from agricul-
tural waste, like cocoa pod husks, generated in -developing- countries. The production of one metric
ton of cocoa beans generates some 15 metric tonnes of organic waste that is today underutilized.
This waste can be converted into added value products by anaerobic digestion, converting part of the
cocoa pods to biogas while releasing nutrients, and pyrolysis. Here, we compared different scenarios
for anaerobic digestion/slow pyrolysis integration in terms of product portfolio (i.e., biogas, pyrolysis
liquids, biochar and pyrolysis gases), energy balance and potential for chemicals production. Slow
pyrolysis was performed at 350 ◦C and 500 ◦C on raw cocoa pod husks, as well as on digestates
obtained from mono-digestion of cocoa pod husks and co-digestion with cow manure. Anaerobic
digestion resulted in 20 to 25 wt.% of biogas for mono and co-digestion, respectively. Direct pyrol-
ysis of cocoa pod husks mainly resulted in biochar with a maximum yield of 48 wt.%. Anaerobic
digestion induced compositional changes in the resulting biochar, pyrolysis liquids and evolved gases
after pyrolysis. Pyrolysis of mono-digestate e.g., resulted in a more energy-dense organic phase, rich
in valuable phenolics while poorer in light oxygenates that hold a modest value. Our comparison
shows that co-digestion/slow pyrolysis at 500 ◦C and mono-digestion/slow pyrolysis at 350 ◦C both
present high-potential biorefinery schemes. They can be self-sustaining in terms of energy, while
resulting in high quality biochar for nutrient recycling and/or energy recovery, and/or phenolics-rich
pyrolysis liquids for further upgrading into biorefinery intermediates.
1 Introduction
Agricultural residues hold potential as resources for the recov-
ery of energy, chemicals and materials in a biorefinery concept,
without competing for land-use for primary food production1–3.
Anaerobic digestion is a rather simple platform, typically em-
ployed to convert e.g., manure or dedicated energy crops into
biogas for energy, whereby the initial mass of the bio-waste is
effectively reduced4. Single conversion processes (i.e., electro-
chemical, biological, physical and thermochemical) for bio-waste
are typically separately studied. However, the integration of these
processes with anaerobic digestion in particular is of increas-
ing interest to enhance the profitability of anaerobic digestion5.
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Clark 6 , Wang et al. 7 , Choudhary et al. 8 indeed highlighted that
such investigations are crucial to fully explore bio-waste’s poten-
tial as biorefinery feedstock.
Moreover, biorefining of agricultural residues can generate ad-
ditional value for (developing) countries, where these agricul-
tural residues are generated. In that context, pyrolysis is a an-
other rather simple process that can convert anaerobic digestion
residues (i.e., digestate) into value-added products at an elevated
temperature in an oxygen-free atmosphere. Similar studies on
pyrolysis of lignocellulosic fermentation residues learn that carbo-
hydrates are rather selectively converted in the biological process,
leaving a lignin-enriched residue which is converted to typical
lignin-derived pyrolysis products, being biochar and phenolics-
rich liquids9–12. While similar product distributions can be ex-
pected for anaerobic digestion/pyrolysis of agricultural residues,
most studies focus on maximal energy recovery by combusting
biogas and pyrolysis products13,14. The characterisation of end-
products from anaerobic digestion/pyrolysis and the evaluation
of their potential application besides combustion are often over-
looked. In an agricultural context, biochar can reallocated to the
field to recycle nutrients and to sequester carbon15. On the other
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hand, phenolics in the phenolics-rich liquids can be upgraded to
various platform chemicals16.
This study therefore investigates an integrated anaerobic di-
gestion/slow pyrolysis scheme for the valorisation of agricultural
residues, using cocoa pod husks as an example case. It was hy-
pothesised that anaerobic digestion first converts carbohydrates
into useful biogas17, which decreases the conversion of these car-
bohydrates into less-valuable oxygenated compounds after pyrol-
ysis. Similarly, the largely unconverted lignin-enriched digestate
after anaerobic digestion was hypothesised to result in biochar
and phenolics-rich pyrolysis liquids. Cocoa pod husks were used
in this study, as this agricultural residue is produced at high quan-
tities and is currently underexplored as feedstock for valorisation
(as elaborated below). Slow pyrolysis conditions were applied in
this work to maximize biochar yield12, hence, the potential for
carbon sequestration and nutrient recycling.
The annual worldwide production of cocoa beans amounts to 4
million metric tonnes, of which Ecuador, the origin of the herein
used cocoa pod husks produced 232 000 metric tonnes18. Co-
coa pod husks encompass the largest residue for which currently
only limited valorisation schemes have been explored. Cocoa pod
husks represent between 70% to 80% in dry weight of the fruit19.
If left unattended on the field for nutrient recycling, pathogens,
such as e.g., Marasmius perniciosus, can cause pod rot, which in
turn can damage the plantation, cause odour-related problems
and uncontrolled emissions of methane into the atmosphere20,21.
Alternatively, incineration of cocoa pod husks can be consid-
ered22, but if improperly managed, this results in considerable
air pollution through the emission of fine particulate dust, NOX
and noxious compounds, like furans. Even with air pollution con-
trol and energy recovery, effective incineration is still hampered
by the inherent high-ash content of the cocoa pod husks23. The
ash can cause slagging upon incineration, while the retained bot-
tom ashes typically end up in landfills, although applications for
valorisation of these bottom ashes are being investigated23.
Significant value creation was therefore pursued through direct
anaerobic digestion, slow pyrolysis and their integration. Only a
handful of studies exist, where cocoa pod husks were subjected to
either anaerobic digestion, either pyrolysis, while no studies exist
on their integration.
Cocoa pod husks, like other lignocellulosic biomasses, are con-
verted to biogas upon digestion to only a modest extent24. In
many cases, the methane yield after anaerobic digestion of lig-
nocellulosic biomass only amounted to 60% of what theoreti-
cally can be expected.Co-digestion with manure, like in Dahunsi
et al. 25 , Acosta et al. 26 , proved effective to obtain elevated biogas
yields without any pretreatment17. Therefore, mono-digestion
(i.e., using only cocoa pod husks) and co-digestion with cow ma-
nure were investigated in this work.
Regarding pyrolysis of cocoa residues, both fast pyrolysis and
slow pyrolysis studies have been reported27–29. Comprehensive
comparison of these different studies is however hampered by
inconsistencies in reporting product yields and/or analysis tech-
niques. For instance, Adjin-Tetteh et al. 28 only analysed the com-
position of a silylated single-phase pyrolysis liquid, reporting only
long-chain fatty acids and their derivatives (e.g., octanoic acid and
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Fig. 1 Overview of the herein studied processes and/or combinations
thereof: anaerobic digestion, slow pyrolysis and the anaerobic diges-
tion/slow pyrolysis integrated process.
9,12-octadecadienoic acid).
Overall, while integrated anaerobic digestion/slow pyrolysis
can generally increase the overall profitability, no specific stud-
ies exist on the integration of anaerobic digestion and pyrolysis of
cocoa pod husks, despite the large quantities of this waste. This
work therefore illustrates integrated anaerobic digestion/slow py-
rolysis for cocoa pod husks by evaluating the individual processes
(“direct digestion” and “direct pyrolysis” in Fig. 1) and the inte-
gration of both (“integrated digestion/slow pyrolysis” in Fig. 1).
Each valorisation scheme’s product portfolio and value is carefully
evaluated in this work to aid the management of this particular
voluminous waste.
2 Experimentation
2.1 Cocoa pod husks and digestates
Cocoa pods were obtained from Manabí province in Ecuador. The
term mono-digestate indicates the effluent from three lab-scale
mesophilic anaerobic digesters with cocoa waste as sole feed-
stock. Co-digestate denotes the liquid effluent from three lab-
scale mesophilic anaerobic digesters, with cocoa waste and cow
manure as feedstocks in a ratio of 3:1 (on the volatile solids, or
VS, content). The reactors for mono and co-digestion were oper-
ated for 117 days in Schott bottles (400 mL functional volume)
at mesophilic conditions (35 ± 1 ◦C) in biological triplicates. The
organic loading rate (OLR) was increased stepwise from 1 to 4
g VSS ·L−1 ·day−1. Prior to pyrolysis, the cocoa pods and diges-
tates were sun-dried for 24 hours on-site and additionally dried
at 105 ◦C for 72 hours to prevent microbial activity.
2.2 Experimental setup and procedures
Slow pyrolysis experiments were conducted, applying a constant
heating rate of ca., 10 ◦C ·min−1 to 350 ◦C or 500 ◦C, with a
holding time of one hour upon reaching the desired temperature.
The lowest pyrolysis temperature was chosen based on literature
thermogravimetric data. At 350 ◦C, the peak temperature of max-
imum mass-loss (being ca., 300 ◦C) was exceeded, achieving a
mass loss of ca., 66 wt.%30,31. Therefore, 350 ◦C was regarded
the lowest temperature at which a devolatilised (hence, charred)
feedstock was expected. The pyrolysis temperature of 500 ◦C is a
typical higher-end slow pyrolysis temperature32.
A fully controlled lab-scale setup for fast pyrolysis33 was recon-
figured to conduct slow pyrolysis (Supplementary Information).
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The average of three K-type thermocouple readings from within
the setup was used to indicate the temperature inside the feed-
stock container). A mass of 50 g cacao pod husks or digestate
(particle size between 0.5 to 2 mm) were loaded to a fixed bed
reactor. This fixed bed was continuously purged with nitrogen
gas (≥ 99.8% purity, industrial, Air Liquide, Belgium) at a rate of
20 LN ·h−1. The entrained pyrolysis vapours were condensed in a
metal-jacketed condenser and glass condenser, both cooled with
water of 2 ◦C.
Uncondensed vapours were subsequently swept along a cot-
ton wool and activated carbon filter to trap fine dust particles
and residual uncondensed aerosols to prevent damage to the dry
gas meter (Itron Gallus, Germany). After registering the volu-
metric flow rate of evolved non-condensable gases, the stream
was split. One fraction went to the vent, while the other fraction
was collected into a gas collection bag (2 L) for compositional
analysis. During slow pyrolysis, the quantity of evolved pyrolysis
vapours changes in function of the reactor temperature (also ap-
parent through literature thermogravimetric analysis), while the
gas composition is also non-constant over the course of time (tem-
perature). This heterogeneity was accounted for by replacing the
gas bag at specific times (e.g., one bag with collected gases be-
tween ambient temperature and a pyrolysis temperature of 250
◦C, a second bag for gases evolving between 250 ◦C and 300 ◦C,
and from that point forward, every 50 ◦C.).
2.3 Feedstock and product analyses
2.3.1 Proximate analysis.
Moisture content (MC), volatile matter (VM) content, ash content
and fixed carbon (FC) content were determined in technical tripli-
cates for cocoa pod husks, mono and co-digestate and their corre-
sponding biochars, according to Enders and Lehmann 34 . Briefly,
the moisture content of the sample was determined by placing
the feedstock or biochar in a drying oven at 105 ◦C for 2 h and
recording the weight difference. The VM was released by heating
the covered crucibles in a muffle furnace at 950 ◦C (9 min), after
which the weight loss was recorded after the samples cooled in a
desiccator. Finally, the same samples were heated to 750 ◦C and
maintained for 8 h to quantify the ash after cooling in a desiccator.
The fixed carbon content (FC) was calculated by difference. The
mass fractions of VM and FC were calculated on a dry (db), and
on a dry-and-ash-free (daf) basis. The latter was to only consider
the organic matrix within the cocoa pod husks. The ash recovery
was calculated from the ash content of the feedstock and of the
biochar, and the biochar yield as in Ghysels et al. 11 .
2.3.2 Elemental analysis.
Elemental analysis was performed in technical duplicates, us-
ing a Flash 2000 Elemental Analyzer (Thermo Fisher Scientific,
Waltham, MA, USA). Samples were ground and ca., 1.5 mg was
used for each analysis. Elements C, H, N and S were measured,
while the oxygen content was obtained by difference. 5-Bis(5-
tert-butyl-benzoxazol-2-yl)thiophene (BBOT) was used as stan-
dard reference.
2.3.3 Higher heating value (HHV).
The HHV of the cocoa waste, mono-digestate and all biochars
were determined in duplicate with an E2k Combustion Calorime-
ter (Digital Data Systems, PTY, Ltd.), using benzoic acid as stan-
dard reference. The energy content of the cocoa pod husks/cow
manure mixture was based on the empirical chemical formula
of that cocoa pod husks/cow manure mixture (CH1.4O1.4N0.031).
This was in turn derived from the elemental composition of cocoa
pod husks (this work) and cow manure35 individually, and the
known ratio of cocoa pod husks and cow manure, being 3:1 on a
VSS basis. The well-established relation reported by Channiwala
and Parikh 36 was used to obtain the HHV from the elemental
composition.
The HHV of both the organic and aqueous phase pyrolysis liq-
uids were calculated using the same correlation from Channiwala
and Parikh 36 , based on elemental analysis of both pyrolysis liquid
phases. The calorific value of biogas and non-condensable gases
were calculated from the standard calorific values of their con-
stituents37 and their experimentally obtained quantity and com-
position. All the calorific values were expressed as MJ ·kg−1 prod-
uct or feedstock.
2.3.4 pH in suspension.
Dried samples of cocoa pod husks, digestate or biochar (5.0 g)
were placed in a 100 mL glass beaker, to which 50 mL of deion-
ized water was added. The suspension was mechanically stirred
for 1 h at 20 ◦C, after which the suspension was allowed to stabi-
lize for 30 minutes prior to the pH measurement using a pH me-
ter C532 (Consort, Turnhout, Belgium). The pH was measured in
technical triplicates.
2.3.5 Concentration of Pb and Cd by ICP-OES.
The concentration of Pb and Cd was measured through induc-
tively coupled plasma optical emission spectrometry (ICP-OES),
using a Perkin Elmer 7000 DV. Approximately 20 mg of the co-
coa pod husks, mono- and co-digestate, and their corresponding
biochars were chemically digested with HNO3 (8 ml, 65 wt%) in
a microwave oven at to 200 ◦C for 10 min, followed by an incu-
bation at 200 ◦C for 15 min. Subsequently, the HNO3 solution (2
wt% in water) was added to a total volume of 50 ml, diluted ten
times with deionised water and put into glass vials for ICP-OES
analysis. The detection limits for Pb and Cd were 3 µg ·kg−1 and
0.7 µg ·kg−1, respectively.
2.3.6 GC-MS analysis of pyrolysis liquids.
The chemical composition of the organic phase of pyrolysis liquids
were determined in a GC-MS (Thermo Fisher Scientific Trace GC
Ultra and Thermo ISQ MS) as in Ghysels et al. 38 . A volume of 100
µL of internal standard (fluoranthene in acetonitrile, 2.5 wt.%)
and 5 g of acetonitrile were added to 0.20-0.25 g of each liquid
sample. The sample was filtered with a 0.45 µm PTFE syringe
filter and 1 µL was injected in the GC (injector temperature of
250 ◦C, split ratio of 1:100) and separated on a chromatographic
column (RTX-1701: Restek, L= 60 m; di = 0.25 mm; d f = 0.25
µm). Determination of the pyrolysis liquid composition was done
in technical duplicates. Helium was applied as a carrier gas with
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a constant column flow rate of 1 mL ·min−1. The temperature
program of the GC oven was as follows: (i) three minutes at con-
stant temperature of 40 ◦C, (ii) heating to 280 ◦C at 5 ◦C ·min−1
and (iii) one minute at constant temperature of 280 ◦C. All or-
ganic phase samples were analysed through GC-MS, while only
one aqueous phase sample was analysed (from pyrolysis of cocoa
pods at 350 ◦C). The high-water content of these aqueous phase
samples (vide infra) could negatively impact the performance of
the GC-MS.
The GC-MS was calibrated with a set of reference compounds
typically found in pyrolysis liquids, which were quantified di-
rectly. Chemical compounds for which the GC-MS was not
directly calibrated were quantified by using representative re-
sponse factors from calibrated compounds having structural sim-
ilarity or which belong to the same chemical group39. Con-
sidered chemical groups, containing compounds with structural
similarity, were e.g.,: (i) light oxygenates (e.g., acetic acid, 1-
hydroxy-2-propanone, 4-hydroxybutanoic acid, propanoic acid,
2-furanmethanol and butanoic acid) and (ii) methoxyphenols
(e.g., 2-methoxyphenol, 2,6-dimethoxy phenol). A complete list
is included in Supplementary Information, Table A1.
2.3.7 Water content of aqueous pyrolysis liquids.
The water content of the aqueous phases was analysed by Karl
Fischer titration (Mettler Toledo V20, 5 ml burette, electrode: DM
143-SC, reagent: Merck Combi Titrant 5 Keto and solvent: Merck
Combi Solvent 5 Keto). The water content of the sample (0.01 -
0.03 g) was calculated by the titrator. The analysis of the samples
was performed in technical duplicates.
2.3.8 Non-condensable gases composition.
Non-condensable gases were separated on a micro GC (Varian
Micro-GC 490-GC) with two analytical columns: a 10 m Mole-
sieve 5A (with backflush) and a 10 m PPU with thermal conduc-
tivity detectors, using helium as carrier gas (≥ 99.999% purity,
Air Products, Belgium). Eight different gases were separated: H2,
O2, N2, CH4 and CO in the first column and CO2, C2H4, C2H6 and
C3H6/C3H8 in the second column. In channel 1 the injector and
oven temperatures were 70 ◦C and 75 ◦C, respectively while in
channel 2 the temperatures for injector and column were 80 ◦C
and 70 ◦C, respectively.
2.3.9 Mass, energy and carbon yields.
The biogas yield Ybiogas and digestate yield Ydigest. was obtained
from the evolved mass of biomass mbiogas and the input of feed to
anaerobic digestion mADfeed to the digester:
Ybiogas =
mbiogas
mADfeed
×100; Ydigest. =
mADfeed−mbiogas
mADfeed
×100
The yield in biochar and pyrolysis liquids were determined from
initial mass of pyrolysis feed mPYfeed and the recorded mass of
biochar mbiochar and liquid phases maq, morg:
Ybiochar =
mbiochar
mPYfeed
×100; Yaq = maqmPYfeed
×100; Yorg = morgmPYfeed
×100
Biochar mass was recorded after pyrolysis. The phase-separated
pyrolysis liquids were centrifuged (10000 g, 10 min), decanted
and the mass of both phases was recorded. The yield in non-
condensable gases YNCG was obtained from:
YNCG =
∑imNCGi
mPYfeed
×100,
where mNCGi represents the mass of gaseous compound i, cal-
culated from the measured volume and the ideal gas law. The
energy yields EY were calculated from the HHV of the feedstock
EFS, the product Ei and its mass yield Yi.
EY =
Ei×Yi
EFS
The feedstock denotes either raw cocoa/cocoa and manure for
anaerobic digestion, or the digestate for pyrolysis. The carbon
yieldCY was similarly obtained from the feedstock’s and product’s
carbon content Ci and the product’s mass yield Yi.
3 Results and discussion
3.1 Cocoa pod husks characteristics
The cocoa pod husks had a relatively high ash content of 11.38
wt.% (db) (Table 1), compared to other lignocellulosic agricul-
tural residues like woody biomass40. This ash fraction constitutes
the nutrients withdrawn from soil, like alkali and alkaline earth
metals, but also cadmium and lead, among others.
The European threshold for processing of cocoa beans to con-
sumer goods is 0.60 mg ·kg−1 Cd. The Cd concentration in
the Manabí province (origin of used cocoa pod husks) typically
ranged between 0.27 mg ·kg−1 to 0.56 mg ·kg−1Argüello et al. 41 .
The herein measured content of cadmium in cocoa pods was
0.314 mg ·kg−1 and, according to Gramlich et al. 42 , similar con-
centrations in cocoa beans can be expected. Hence, the cocoa
plantation from which the cocoa pod husks were derived, adhered
to European regulations. The observed concentration of lead was
ca., 6 times smaller than that of cadmium (Table 1).
The observed volatile matter content and fixed carbon con-
tents were 76.14 wt.% (daf) and 24.37 wt.% (daf), respectively.
The volatile matter content of cocoa pod husks was lower than
e.g., wood, in contrast to its fixed carbon content (for wood: VM
daf: 84 wt.% and FC daf: 16 wt.%)43. This indicates the in-
creased tendency of cocoa pod husks for biochar formation upon
pyrolysis.
The empirical chemical formula of the cocoa pod husks was
derived from Table 1, being CH1.4O0.7N0.03 and reflects its lig-
nocellulosic nature. Carbohydrates and lignin constitute ca., 46
wt.% and 15 wt.%29, respectively. From their respective empir-
ical chemical formulas CH1.7O0.8 and CH1.1O0.4 44, a theoretical
empirical chemical formula of cocoa pod husk composition was
obtained, being CH1.5O0.7. This is close to that derived from ele-
mental analysis.
The HHV of cocoa pod husks was ca., 16.49 MJ ·kg−1, which
is on the lower end of lignocellulosic biomasses (typically 18-19
MJ ·kg−1)45. This is likely due to the elevated ash content with
no calorific value.
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Table 1 Characterisation of the raw cocoa pod husks and resulting digesates from mono-digestion and co-digestion with cow manure. ar: as received;
db: dry basis; daf: dry-and-ash-free basis; raw cocoa: undigested cocoa pod husks; mono-dig.: mono-digested cocoa pod husks; co-dig.: co-digested
cocoa pod husks with cow manure
Proximate analysis wt.% Elemental analysis wt.%
Metals
µg ·kg−1
HHV
MJ ·kg−1 pH
MC
(ar)
VM
(db)
VM
(daf)
Ash
(db)
FC
(db)
FC
(daf)
N
(db)
C
(db)
H
(db)
O
(db)
H/C O/C Cd Pb (db)
Raw
cocoa
3.80 67.13 76.14 11.38 21.49 24.37 1.38 43.55 5.18 38.51 1.43 0.66 314 54 16.49 5.52
±0.16 ±0.27 ±0.43 ±0.25 ±0.18 ±0.22 ±0.10 ±0.37 ±0.08 ±0.39 ±0.03 ±0.01 - - ±0.28 ±0.02
Mono-
dig.
9.09 65.53 80.91 17.28 17.19 21.22 1.20 41.93 5.24 34.35 1.50 0.62 1290 103 16.07 9.92
±0.26 ±0.33 ±0.93 ±0.68 ±0.48 ±0.63 ±0.04 ±0.44 ±0.11 ±0.37 ±0.05 ±0.01 - - ±0.12 ±0.06
Co-
dig.
11.43 65.38 77.07 13.43 21.19 24.98 2.19 38.34 4.72 41.32 1.48 0.81 1236 491 14.34 8.96
±0.23 ±0.17 ±0.61 ±0.48 ±0.01 ±0.11 ±0.01 ±0.43 ±0.04 ±0.45 ±0.01 ±0.02 - - ±1.60 ±0.02
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Fig. 2 Mass, energy and carbon yield of the products from anaerobic
mono-digestion of cocoa pod husks (a) and anaerobic co-digestion of
cocoa pod husks (b).
3.2 Anaerobic digestion of cocoa pods
3.2.1 Mono-digestion.
The yield in biogas was 21 ± 3.6 wt.% upon mono-digestion,
leaving a digestate at a yield of 79 ± 3.6 wt.% (Fig. 2 a). The
composition of the biogas was ca., 54 ± 24 vol.% CH4 and 46 ±
19 vol.% CO2. The digestate had an empirical chemical formula
of CH1.5O0.6N0.02 (from Table 1). Compared to cocoa pod husks,
the O/C ratio of the mono-digestate decreased, while the H/C ra-
tio increased (Table 1). This already suggests that oxygen-rich
carbohydrates were digested more selectively than other biomass
fractions, as hypothesized. A comprehensive impression on com-
positional changes induced by digestion was obtained from the
schematic conversions below, derived from the Bushwell and
Meuller relation46:
CH1.4O0.7N0.03+0.03H2O−→ 0.8CH1.5O0.6N0.03+
0.1CH4+0.08CO2+5.20e−5NH3 (1)
0.2CH1.8O0.7N2.3e−4 +0.03H2O−→ 0.1CH4+0.08CO2 (2)
Equations 1 and 2 were obtained by maximizing the elemental
balance closure for each element, while minimizing the differ-
ence between the calculated and experimentally observed diges-
tate yield and biogas composition. The balance for C, H, O and
N were in Eq. 1 were 99.99%, 92.02%, 103.74% and 133.57%,
respectively. The deviation for nitrogen was due to nitrogen in
biogas (NH3), of which the CG was not capable to detect it.
Equation 1 illustrates the conversion of cocoa pod husks to di-
gestate and biogas, while Eq. 2 illustrates the conversion of the di-
gestable fraction to biogas. This fraction CH1.8O0.7N3e−4 clearly re-
0
20
40
60
80
Org. Aq. Biochar NCGs
Yi
el
d
 (
%
)
Mass Energy Carbon
a)
0
20
40
60
80
Org. Aq. Biochar NCGs
Yi
el
d
 (
%
)
Mass Energy Carbon
b)
Fig. 3 Mass, energy and carbon yield of the products from slow pyrolysis
of raw cocoa pod husks at 350 ◦C (a) and at 500 ◦C (b).
sembles carbohydrates in composition (CH1.7O0.8). It follows that
the mass-loss upon mono-digestion, being 21 wt.%, constituted
ca., 50% of the available carbohydrate matrix29. Antwi et al. 24
also observed a biodegradability index (i.e., the observed biogas
yield over theoretic biogas yield) between 41% to 47% (cellulose
had a digestibility index of 84%). This indicates that the digestate
will be lignin-enriched.
Fig. 2a shows that a significant fraction of mass carbon and
energy is retained in the digestate. This carbon and energy re-
tention, as well as the altered composition of the lignin-enriched
mono-digestate, inevitably affected the pyrolysis product yields
and composition of pyrolyzed mono-digestate, compared to fresh
cocoa pod husks (Section 3.4).
3.2.2 Co-digestion with manure.
Compared to mono-digestion, co-digestion directed the distribu-
tion of mass, carbon and energy towards the biogas. Co-digestion
resulted in an elevated biogas yield of 25 ± 2.3 wt.% (compared
to 21 ± 3.6 wt.%). The methane content also increased to 60
vol.% CH4 (compared to 54 vol.% CH4 for mono-digestion. This
was also reflected by the energy yield in the biogas (Fig. 2). The
energy yield in biogas was 28.24 ± 4.74 %, being ca., 8 percent
points higher than for mono-digestion. The reason for this lies
in the pH buffering capacity, as well as the effect of indigenous
microorganisms in the cow-manure, among others. A detailed
discussion on the effect of cow manure on biogas yield and com-
position is provided elsewhere47.
The co-digestate was more carbon and energy deficient
(Fig. 2 b). Typical ranges for C, H, N and O (wt.% db) in cow
manure are 40.5-44.8 for C, 5.2-5.9 for H, 2.1-2.3 for N and 34.4-
38.2 for O35,48,49. The elevated nitrogen content in cow manure
increased the nitrogen content of the digestate from co-digestion,
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Fig. 4 van Krevelen diagram of fresh cocoa pod husks, digestates and
their corresponding biochars.
being 2.19 ± 0.01 wt.% (db), compared to raw cocoa (1.38 ±
0.10 wt.%) and mono-digestate (1.20 ± 0.04 wt.%), see Table 1.
After anaerobic digestion in general, the quantity of solid cocoa
residues decreased by 21-25 wt.%, while generating biogas with
a calorific value between ca., 16-19 MJ ·kg−1). The digestates
still retained a lot of energy which typically is not valorised evi-
dently. Land application of digestate does not fully make use of
the digestate’s potential and moreover requires additional hygi-
enization measures. Incineration is on the other hand hampered
by the high ash content of the cocoa pod husks and resulting di-
gestates, which can cause slagging inside ovens. Therefore, the
quantity and quality of evolved products from slow pyrolysis of
raw cocoa pod husks were compared to those from anaerobic di-
gestion and those from slow pyrolysis of the obtained digestates
in an integrated approach.
3.3 Slow pyrolysis of cocoa pod husks
Biochar always was produced in the highest yield, being 49.20
± 0.57 wt.% at 350 ◦C and 39.00 ± 0.28 wt.% for pyrolysis at
500 ◦C (Fig. 3). The fixed carbon contents (db) and (daf) of
biochar were higher than those of the fresh cocoa pods (Table 2
and 1) and increased with the pyrolysis temperature, and this at
the expense of the volatile matter content.
The carbon and energy yield in biochar from pyrolysis of raw
cocoa pod husks is remarkable, as they both reach ca., 63% for
biochar produced at 350 ◦C and ca., 55% if produced at 500 ◦C
(Fig. 3). Although these biochar samples retained energy to a
large extent, they also retained ash, which negatively impacts
energy recovery via incineration. The ash recovery within both
biochars was 69.08 ± 7.55% for biochar produced at 350 ◦C and
75.60 ± 2.31% for biochar produced at 500 ◦C. Nutrient realloca-
tion upon field applications of both temperature biochars might
therefore be more opportune, although biochar from 500 ◦C py-
rolysis is more attractive from an elemental point-of-view. The
van Krevelen diagram in Fig. 4 is annotated with the Interna-
tional Biochar Initiative (IBI) maximum threshold for H/C, being
0.7, and the European Biochar Certificate (EBC) maximum crite-
ria for O/C, being 0.4. The highlighted area in Fig. 4 contains the
biochars which meet these voluntary guidelines for high quality
biochar, which were only those biochars obtained upon 500 ◦C
pyrolysis.
The measured pH of the obtained biochar from both tempera-
tures was approximately 9.50. From this, a decrease of Cd uptake
by cocoa beans can be anticipated upon soil application. Argüello
et al. 41 showed that an increase of the soil pH by one unit, would
result in a decrease of the Cd-uptake by a factor 1.6. Biochar ap-
plication in Ecuadorian soil (typical pH 641), can thus decrease
the Cd concentration in cocoa pod beans. Moreover, biochar has
been demonstrated to effectively adsorb both Cd and Pb50.
The mass yield of the organic phase was 16.20 ± 1.98 wt.%
(350 ◦C) and 6.50 ± 0.99 wt.% (500 ◦C) and lower than the
biochar yield. The energy yield for both organic phases (28.99
± 3.63 % for 350 ◦C; 12.02 ± 1.84 % for 500 ◦C) were larger
than their mass yields, meaning that energy is concentrated in
the organic phase (Fig. 3). This concentration of energy was in
tandem with the concentration of carbon in the organic phase.
The calculated HHV of the organic phases were 29.51 ± 0.64 and
30.49 ± 0.40 MJ ·kg−1 (for 350 ◦C and 500 ◦C, resp.), which was
higher than their corresponding biochars (Table 2). The elemen-
tal composition of the organic phase is summarized in Table 3.
The mass fraction of oxygen and nitrogen in the organic phase
decreased, compared to the raw cocoa pod husks. This decrease
was more pronounced for the organic phase obtained at 500 ◦C,
compared to 350◦C. The GC-detectable fraction of the organic
phase mainly contained (i) light oxygenates (4.39 ± 0.89 wt.%
produced at 350 ◦C; 6.46 ± 2.39 wt.% produced at 500 ◦C), (ii)
2-cyclopenten-1-one derivatives (1.71 ± 0.34 wt.% produced at
350 ◦C and 3.63 ± 1.28 wt.% produced at 500 ◦C) and (iii) vari-
ous phenolics (lumped concentration of 5.81 ± 0.21 wt.% if pro-
duced at 350 ◦C and 7.86 ± and 1.24 wt.% if produced at 500
◦C), see Fig. 6.
The aqueous phase was obtained with a yield of 15.50 ± 0.71
wt.% (350 ◦C) and 18.60 ± 0.85 wt.% (500 ◦C), see Fig. 3. Al-
though the aqueous phase came in meaningful quantities, only
minor quantity of carbon was retained in this fraction. The water
content of the aqueous phase obtained at 350 ◦C amounted to
76.29 ± 2.44 wt.%, while that from the aqueous phase obtained
at 500 ◦C was 79.76 ± 1.01 wt.%. The few carbon species within
the aqueous phase, giving it a certain calorific value, were majorly
light oxygenates, like acetic acid (Figure B1 in Supplementary In-
formation).
The evolution of non-condensable gases from pyrolysis of co-
coa pod husks showed a steep increase from 350 ◦C to 500 ◦C
(Fig. 3). Especially for pyrolysis at 500 ◦C, the carbon yield in
non-condensable gases was remarkable, being 38.65 ± 2.20 %.
Nevertheless, the dominant compound in this stream was carbon
dioxide, at a concentration of 77.78 ± 8.44 vol.% on N2-free basis
for pyrolysis at 350 ◦C and 79.51 ± 8.01 vol.% on N2-free basis
for pyrolysis at 500 ◦C. In the case of pyrolysis at 500 ◦C, CO,
CH4 and H2 were also present at concentrations of 13.22 ± 6.87
vol.%, 3.94 ± 0.31 vol.% and 2.50 ± 0.92 vol.%, respectively.
The resulting HHV of the non-condensable gases (N2-free basis)
from pyrolysis at 350 ◦C was 1.92 ± 0.74 MJ ·kg−1, while that
from pyrolysis at 500 ◦C was 2.35 ± 0.70 MJ ·kg−1.
Overall, pyrolysis of raw cocoa pod husks mostly results in
biochar, which can be used for soil applications, given the ele-
vated pH (hence decreased Cd uptake), increased fixed carbon
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Table 2 Characterisation of biochar samples obtained from slow pyrolysis of (i) raw cocoa pod husks, (ii) mono-digestate and (iii) co-digestate at
350◦C and 500◦C. ar: as received; db: dry basis; daf: dry-and-ash-free basis; raw cocoa: undigested cocoa pod husks; mono-dig.: mono-digested
cocoa pod husks; co-dig.: co-digested cocoa pod husks with cow manure
Proximate analysis wt.% Elemental analysis wt.%
Metals
µg ·kg−1
HHV
MJ ·kg−1 pH
MC
(ar)
VM
(db)
VM
(daf)
Ash
(db)
FC
(db)
FC
(daf)
N
(db)
C
(db)
H
(db)
O
(db)
H/C O/C Cd Pb (db)
Cocoa
350 ◦C
1.73 35.61 42.53 15.98 48.41 57.81 1.43 55.29 3.70 23.59 0.80 0.32 - - 21.66 9.50
±0.45 ±1.00 ±1.51 ±1.70 ±2.70 ±3.46 ±0.05 ±0.77 ±0.06 ±2.31 ±0.01 ±0.04 - - ±0.86 ±0.02
Cocoa
500 ◦C
0.10 20.18 25.90 22.06 57.76 74.13 1.02 60.94 2.39 13.59 0.47 0.17 48 100 24.06 9.56
±0.13 ±0.93 ±1.20 ±0.44 ±0.94 ±1.28 ±0.10 ±0.82 ±0.06 ±0.88 ±0.01 ±0.01 - - ±0.24 ±0.01
Mono-dig
350 ◦C
1.08 35.99 48.23 25.11 38.76 51.95 1.94 51.00 3.77 18.19 0.89 0.27 - - 22.34 12.21
±0.09 ±1.04 ±1.40 ±0.07 ±1.36 ±1.83 ±0.07 ±1.83 ±0.05 ±1.85 ±0.02 ±0.04 - - ±0.34 ±0.02
Mono-dig
500 ◦C
0.00 18.43 27.32 32.54 49.03 72.68 1.54 56.34 2.28 7.30 0.48 0.10 899 1355 22.70 12.42
±0.00 ±0.25 ±0.38 ±0.19 ±0.23 ±0.40 ±0.04 ±2.09 ±0.15 ±2.19 ±0.01 ±0.03 - - ±0.05 ±0.01
Co-dig
350 ◦C
0.67 39.96 48.19 23.14 39.91 52.03 1.65 55.58 4.00 15.63 0.87 0.21 - - 23.19 10.24
±0.02 ±0.31 ±0.48 ±0.40 ±0.10 ±0.30 ±0.15 ±0.35 ±0.02 ±0.21 ±0.00 ±0.00 - - ±0.22 ±0.06
Co-dig
500 ◦C
0.00 18.35 26.06 29.58 52.07 73.94 1.40 61.66 2.36 5.02 0.46 0.06 204 306 23.77 11.36
±0.00 ±0.07 ±0.11 ±0.13 ±0.20 ±0.32 ±0.14 ±1.61 ±0.03 ±1.53 ±0.01 ±0.02 - - ±0.17 ±0.01
Table 3 Characterisation of the organic phase obtained from slow pyrol-
ysis of cocoa pod husks, mono-digestate and co-digestate
Org. Phase N C H O H/C O/C
(db) (db) (db) (db)
Raw cocoa 3.79 63.16 8.28 24.76 1.57 0.29
350 ◦C ±0.35 ±5.78 ±0.41 ±5.80 ±0.16 ±0.07
Raw cocoa 4.28 67.81 8.10 19.78 1.43 0.22
500 ◦C ±0.09 ±0.67 ±0.15 ±0.78 ±0.03 ±0.01
Mono-dig. 3.95 52.48 9.17 33.99 2.10 0.49
350 ◦C ±0.51 ±2.10 ±0.11 ±2.56 ±0.09 ±0.04
Mono-dig. 5.57 60.40 8.00 25.55 1.59 0.32
500 ◦C ±1.29 ±11.15 ±0.94 ±13.15 ±0.35 ±0.17
Co-dig. 4.46 69.50 8.65 16.99 1.49 0.18
350 ◦C ±0.19 ±1.10 ±0.07 ±0.89 ±0.03 ±0.01
Co-dig 5.74 64.31 8.37 21.38 1.56 0.25
500 ◦C ±0.28 ±4.93 ±0.45 ±4.64 ±0.15 ±0.06
content for carbon sequestration and the re-allocation of nutri-
ents. The organic phases from pyrolysis were very carbon and
energy dense (having a HHV of ca., 28-30 MJ ·kg−1) and con-
tained mostly light oxygenated compounds and phenolics. The
non-condensable gases mostly consisted of CO2.
3.4 Integrated slow pyrolysis of digested cocoa pod husks
The average mass balance closure of the two digestates at two dif-
ferent temperatures, each in duplicate, was 97.3 ± 6.7 % (Fig. 5
and 7). It should be noted that the mass balance closures from
pyrolysis experiments with co-digestate were considerably lower
than those of the other experiments (91.90± 3.62 for 350 ◦C and
95.81 ± 7.18 for 500 ◦C). This was presumed to be NH3, which
evolved during slow pyrolysis and which the micro-GC was not
capable to detect and quantify. During the recovery of pyrolysis
liquids after the experiments, the specific odor of ammonia was
indeed recognised.
3.4.1 mono-digestion coupled to slow pyrolysis.
Pyrolysis at 350 ◦C overall resulted in similar mass, energy and
carbon distributions over the different pyrolysis products, com-
pared to pyrolysis of raw cocoa pod husks at the same temper-
ature. At a pyrolysis temperature of 500 ◦C, an increase of the
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Fig. 5 Mass, energy and carbon yield of the products from slow pyrolysis
of mono-digested cocoa pod husks at 350 ◦C (a) and at 500 ◦C (b)
organic phase by ca., 5 percent points was notable, at the ex-
pense of non-condensable gases. This was ascribed to alterations
in the biocomposition of the cocoa pod husks, induced by the di-
gestion process itself (i.e., having a hydrolysis step). Anaerobic
digestion resulted in a digestate more prone to volatilisation into
pyrolysis liquids and non-condensable gases, as evidenced by the
higher VM content of digestate (Table 1). The increase of pyrol-
ysis liquids at the expense of non-condensable gases from pyrol-
ysis of mono-digestate at 500 ◦C is then explained by the origin
of the volatile fraction. The lignin-enriched digestate resulted in
pyrolysis vapors, that are typically less prone to consecutive crack-
ing to e.g., CO2 and CO. The typical precursor for suchlike gases
upon pyrolysis at 500 ◦C is the holocellulose fraction51, which
was partly digested prior to pyrolysis (Section 3.2.1).
Differences in the product properties also were apparent. The
ash content of biochar derived from the mono-digestate at 350 ◦C
and 500 ◦C was 10 percent points higher than in their undigested
counterparts (Table 2). This was because ash already was re-
tained in the mono-digestate, resulting in an ash-enriched mono-
digestate, prior to pyrolysis. The ash recoveries throughout the
coupled digestion-pyrolysis process were 83.66 ± % (for 350 ◦C)
and 86.97 ± 4.41 % (for 500 ◦C).
Like undigested cocoa pods, only biochar from mono-digestate
produced at 500 ◦C complied with IBI and EBC guidelines
(Fig. 4). The O/C ratio decreased however remarkably from 0.32
(raw cocoa pod husks at 350 ◦C, Table 2) to 0.27 (mono diges-
tion at 350 ◦C, Table 2). On the other hand, the H/C ratio in-
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creased from 0.80 (raw cocoa pod husks, 350 ◦C) to 0.89 (mono-
digestate, 350 ◦C). Biochar obtained at 500 ◦C, before and after
mono-digestion, only changed in terms of the O/C ratio. The
O/C ratio dropped from 0.17 for biochar from fresh cocoa pod
husks, to 0.10 for biochar from mono-digestate. Moreover, mono-
digestate derived biochar showed very high pH values of ca., 12
(Table 2), indicating a high potential to decrease Cd uptake in
cocoa beans from soil41.
The fixed carbon content (db and daf) was however lower for
biochars obtained from mono-digestate at the same temperature,
compared to biochar obtained from fresh cocoa pod husks. Typi-
cally, the fixed carbon content increases with decreasing O/C ra-
tios52, which was not the case here (Table 2). The same reason
was put forth used to explain the increased volatile matter con-
tent of the mono-digestate compared to the raw cocoa pods. The
hydrolysis step during anaerobic digestion could have altered the
biomass’ structure, making it more prone to volatilisation, hence
less prone to solids formation. Biochar that results from digestate
is then also expected to have a lower fixed carbon content than
the biochar from the unaltered (i.e., undigested) cocoa pod husks.
The pyrolysis liquids from mono-digestate obtained at 350 ◦C
contained virtually no light oxygenates anymore, compared to di-
rect pyrolysis of cocoa pod husks (Fig. 6 and Figure C2 in Supple-
mentary Information). The holocellulose-derived 2-cyclopenten-
1-one derivatives in the organic phases obtained from pyrolysis of
mono-digestate at 350 ◦C (1.24± 0.06 wt.%) and 500 ◦C (1.40±
0.08 wt.%) were lower than the organic phase from pyrolysis of
raw cocoa pod husks (1.71 ± 0.34 wt.% obtained at 350 and 3.63
± 1.28 wt.% obtained at 500 ◦C). These results further confirm
that the mono-digestate became lignin-enriched, as mainly carbo-
hydrates were digested into biogas. The fact that 2-cyclopenten-
1-one derivatives merely increased in the organic phase between
pyrolysis at 500 ◦C and pyrolysis at 350 ◦C suggests that a sig-
nificant fraction of the cellulose was already digested. Indeed,
pyrolysis at 350 ◦C will typically volatilise only a fraction of the
cellulose, as the decomposition of cellulose (apparent from ther-
mogravimetric analysis) occurs between 320 to 420 ◦C53. The
fact that no additional 2-cyclopenten-1-one derivatives evolved
after pyrolysis at 500 ◦C reflects the smaller contribution of cel-
lulose in the mono-digestate (compared to cocoa pod husks) that
would decompose beyond 350 ◦C.
The main GC-detectable constituents in the organic phase
were phenolics at similar concentrations as the organic phase
from undigested cocoa pod husks: 6.10 ± 0.11 wt.% for
the mono-digestate derived organic phase at 350 ◦C and 5.81
± 0.40 wt.% for the raw cocoa pod husk-derived organic
phase at 350 ◦C (Fig. 6). For pyrolysis at 500 ◦C, again
a similar total quantity of phenolics was obtained. Nev-
ertheless, the composition of the “phenolics pool” changed.
While pyrolysis at 500 ◦C resulted in less methoxyphenols (2-
methoxyphenol, or guaiacol, and 2,6-dimethoxyphenol, or sy-
ringol) and methoxyalkylphenols (2-methoxy-4-ethylphenol, 2-
methoxy-4-methylphenol), more alkylphenols (methylphenol and
ethylphenol) and phenol were observed, see Fig. 6 and Figure
C2 in Supplementary Information. This is due to temperature-
induced demethoxylation and dealkylation reactions, being more
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Fig. 6 Composition of the organic phase pyrolysis liquids in wt.% on
liquid-basis from pyrolysis of raw cocoa, mono-digested cocoa and co-
digested cocoa at 350 ◦C and 500 ◦C, determined through GC-MS anal-
ysis.
pronounced at 500 ◦C.
These phenolics present extra value, as these can be (selec-
tively) extracted to recover specific compounds, like 2-methoxy-
4-ethylphenol and 2-methoxyphenol54. Alternatively, the organic
phase can be used to recover energy, given its calorific value of
24.92 ± 1.02 MJ ·kg−1 (from pyrolysis at 350 ◦C) and 29.69 ±
1.31 MJ ·kg−1 (from pyrolysis at 500 ◦C). The higher calorific
value of the organic phase from pyrolysis of mono-digestate at
500 ◦C was due to the elevated presence of alkylphenols and re-
duced presence oxygenated aromatics, respectively (Fig. 6 and
Figure C2 in Supplementary Information).
The nitrogen content of the organic phase was 3.95 ± 0.51
wt.% (obtained at 350 ◦C) and 5.75 ± 1.29 wt.% (obtained at
500 ◦C), Table 3. The nitrogen content in the organic phase from
mono-digestate pyrolysis at 500 ◦C was visibly higher than that
from raw cocoa pod pyrolysis at 500 ◦C (4.28 ± 0.09 wt.%).
Since only traces of nitrogen-containing compounds were GC-
detectable (e.g., indole in Fig. C2, Supplementary Information),
nitrogen was assumed to be present in the high molecular weight
fraction of the organic phase. The organic phases form slow py-
rolysis of mono-digestate also contained more oxygen by mass:
ca., 20-25 wt.% for raw cocoa pod husks and ca., 26-34 wt.% for
mono-digestate. Fig. 6 does not point out any specific oxygen-
containing constituents (or group of compounds) among the GC-
detectable compounds at an elevated concentration to explain
the increased oxygen content. Hence, the additionally measured
oxygen in the organic phase would be present in the heavy frac-
tion as well, not detectable by GC-MS analysis. As stated earlier,
anaerobic digestion (and its associated hydrolysis) could have al-
tered the cocoa pod husks’ structure in such way that the mono-
digestate was more prone to yield pyrolysis liquids, rather than
biochar. Thus, oxygen-containing fractions of the cocoa pod husks
that would result in solid biochar (if undigested), ended up in
heavy organic phase liquids due to prior anaerobic digestion. Ta-
ble 3 and 2 indeed show that, while the oxygen content of biochar
decreased upon prior digestion, the oxygen content of the organic
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phase increased.
Regarding the non-condensable gases, a decrease in the yield
(especially upon pyrolysis at 500 ◦C) was observed, but the
average composition of the non-condensable gases remained
quasi the same. From pyrolysis at 350 ◦C of undigested cocoa
pods and mono-digestate, the gas volumetric composition was
1:0.27:0:0 and 1:0.20:0:0 CO2:CO:H2:CH4 vol.%, respectively.
Pyrolysis of the undigested cocoa pod husks and mono-digestate
at 500 ◦C resulted in 1:0.24:0.05:0.05 CO2:CO:H2:CH4 vol.% and
1:0.20:0.17:0.11, respectively. Pyrolysis at 350 ◦C thus resulted
in CO2 and CO only, whereas pyrolysis at 500 ◦C resulted in an
evolution of hydrogen gas (which was modestly more pronounced
for pyrolysis of mono-digestate). Hydrogen evolution at elevated
temperatures is due to aromatization, in which polyaromatic cen-
tres within the biochar are being formed and H2 is being ejected.
Because the rather low contribution of CO and H2 in the off-
gases from pyrolysis, this stream bears little energy: 1.47 ± 012
MJ ·kg−1 (N2-free) for pyrolysis at 350 ◦C. Although still low, the
HHV of non-condensable gases from pyolysis of mono-digestate at
500 ◦C doubled (4.78 ± 0.96 MJ ·kg−1), compared to raw cocoa
pod husks at the same temperature.
Overall, mono-digestion did result in a digestate that is more
favorable for subsequent slow pyrolysis. While the product yields
between raw cocoa pod husks and its mono-digestate after pyroly-
sis at 350 ◦C did merely change, the obtained organic phase from
mono-digestate was poor in carbohydrate-derived compounds.
This is advantageous in two ways: (i) the composition of the or-
ganic phase became more homogeneous, meaning that phenolic
compounds were concentrated as useful biorefinery intermedi-
ates (vide infra) and (ii) the chemical energy within the carbo-
hydrate fraction was released in the form of biogas as easy and
readily available energy source upon anaerobic digestion. Indeed,
carbohydrate-derived compounds like light oxygenates in the or-
ganic phase are not easily recovered for further utilization. After
pyrolysis at 500 ◦C, biochar from mono-digestate was obtained
at the same yield, yet being more de-oxygenated than biochar
from raw cocoa pod husks. The resulting biochar moreover had a
higher pH, beneficial to soil applications.
3.4.2 co-digestion coupled to slow pyrolysis.
Upon slow pyrolysis of co-digestate more aqueous phase pyrolysis
liquids were obtained (between ca., 23 to 25 wt.%), compared
to undigested cocoa pods after pyrolysis at the same temperature
(between ca., 16 to 19 wt.%). In contrast, little organic phase was
obtained for co-digestate pyrolysis at both temperatures (ca., 5
wt.%, Fig. 7), compared to pyrolysis of mono-digestate (ca., 11-
18 wt.%, Fig. 5) and raw cocoa pod husks (ca., 7-16 wt.%, Fig. 3).
Application of co-digestate resulted in biochar that shared
similar properties with mono-digestate derived biochars. The
fixed carbon content, volatile matter content, calorific value, the
H/C and O/C ratio were similar for same-temperature biochars.
Hence, data points for these biochars were in close proximity to
those for mono-digestate derived biochar in Fig. 4. This similar-
ity is remarkable, considering the difference in nitrogen content
of the starting materials for pyrolysis in Table 1. The additional
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Fig. 7 Mass, energy and carbon yield of the products from slow pyrolysis
of co-digested cocoa pod husks at 350 ◦C (a) and at 500 ◦C (b)
nitrogen present in the co-digestate due to the cow manure thus
was not entirely retained in the solid phase. Instead, nitrogen was
reasonably assumed to have end up in the non-condensable gas
stream as NH3 (not in the pyrolysis liquids, vide infra), also caus-
ing a small deviation in the mass balance closure of the pyrolysis
process with co-digestate.
The GC-detectable compounds of the pyrolysis liquids indi-
cated that, upon co-digestion with cow-manure, less carbohy-
drates were converted into biogas, compared to mono-digestion.
This was apparent from the increased contribution of light oxy-
genates, like acetic acid and 2-cyclopenten-1-one derivatives in
the pyrolysis liquids (Fig. 6 and Fig. C2 in Supplementary In-
formation). Pyrolysis of residual cellulose at 500 ◦C in the co-
digestate should go in tandem with elevated concentrations of
light oxygenates and 2-cyclopenten-1-one derivatives in the py-
rolysis liquids, compared to pyrolysis at 350 ◦C (like for undi-
gested cocoa in Fig. 6). Not observing this trend implies that
more residual cellulose was present in the co-digestate, compared
to the mono-digestate. Cow manure moreover does typically not
contain more residual carbohydrates than the cocoa pod husks55.
These two observations indicate manure was more easily anaero-
bically digested than raw cocoa pod husks.
The nitrogen content of the organic phase from slow pyrolysis
of co-digestate was only modestly higher (4.46 ± 0.19 wt.% for
350 ◦C and 5.47 ± 0.28 wt.%) than for the mono-digestate, de-
spite the feedstock’s elevated nitrogen content. This also supports
the hypothesis that nitrogen in the co-digestate partitioned to the
gas phase as NH3. The calorific value of the obtained pyrolysis
liquids’ organic phase were 31.95 ± 0.44 MJ ·kg−1 (obtained at
350 ◦C) and 30.31 ± 0.12 MJ ·kg−1 (obtained at 500 ◦C), which
is approximately as high as from raw cocoa pod husks. Both the
high HHV and low nitrogen content make energy recovery for this
stream very opportune.
The detected non-condensable gases were also rich in CO2, fol-
lowed by CO and H2. The volumetric composition was 1:0.20:0:0
CO2:CO:H2:CH4 vol.% (for 350 ◦C) and 1:0.19:0.11:0.12
CO2:CO:H2:CH4 vol.% (for 500 ◦C). The contribution of CO
and H2 in the gas stream was smaller, compared to the mono-
digestate. The average calorific value of the N2-free gas stream
from pyrolysis at 350 ◦C was along the lines of the other equiva-
lent gas streams (1.43 ± 0.12 MJ ·kg−1), while that from pyrol-
ysis at 500 ◦C was the highest one observed, being 5.30 ± 0.28
MJ ·kg−1.
Overall, co-digestion resulted in a digestate that in particu-
lar led to a better biochar, compared to undigested cocoa pods.
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Fig. 8 Sankey diagrams for mass, energy and carbon of the integrated
mono-digestion/slow pyrolysis process at pyrolysis temperatures of 350
◦C and 500 ◦C. The dashed streams are errors, while the filled gray
streams are losses.
Biochar from both temperatures were the most de-oxygenated
among the other same-temperature biochars. The lowest H/C
and O/C ratio among all biochars were also observed for biochar
from this feedstock at 500 ◦C.
3.5 Overall process evaluation and biorefinery opportuni-
ties
Considering the comprehensive product portfolio of the studied
processes, possible strategies are put forth and evaluated in this
section to obtain maximum value from the starting cocoa pod
husks. Value in its broadest meaning can be generated from (i)
biochar applications in which nutrients are recycled and carbon
is sequestered upon biochar soil amendment, among other appli-
cations56–58, (ii) chemicals (especially phenolics) in the pyrolysis
liquids’ organic phase and (iii) energy from combustion of biogas,
non-condensable gases, biochar and the organic phase pyrolysis
liquids. Of lower interest is the aqueous phase of pyrolysis liquids,
as it is in essence a very diluted acetic acid solution.
As principal constraint, it was put forth that candidate strate-
gies for cocoa waste management should be self-sustaining in
terms of energy. Slow pyrolysis requires significant energy in-
put, which typically ranges between 6% to 15% of the pyrolysis
feedstock energy content59. This energy can be met by combus-
tion of the non-condensable gases, depending on the feedstock
and applied pyrolysis temperature59. Table 4 presents energy
yields relative to the pyrolysis feedstock energy content. From
that table, it is clear that the non-condensable gases themselves
bear insufficient energy (< 15%) to sustain the pyrolysis process,
despite pyrolysis of plain cocoa pod husks results in the highest
obtained quantities of biochar (49.20 ± 0.57 wt.%), carbon in
biochar (62.46 ± 1.24 wt.%) and organic phase (16.20 ± 1.69
wt.%) with phenolics (0.94 ± 0.12 wt.%). Compensation for the
lack of energy in the non-condensable gases by combustion of
Biochar
52.8 ± 6.2%
NCGs 15.0± 1.3%
Biochar
32.9 ± 1.2%
Aq. 17.1 ± 2.1%
Digestate
75.0 ± 2.3%
Biogas
25.0 ± 2.3%
NCGs 21.2 ± 4.1%
Biochar
27.8 ± 3.0%
Aq. 19.0 ± 2.1%
Digestate
75.0 ± 2.3%
Biogas
25.0 ± 2.3%
Org. 8.7 ± 3.0%
Digestate
63.7.0 ± 7.4%
Biogas
28.2 ± 4.7%
M
as
s 
(5
0
0
 °
C
) 
**NCGs 7.8 ± 2.6%
Biochar
45.9 ± 7.1%
Org. 8.2 ± 1.3%
Digestate
63.7.0 ± 7.4%
Biogas
28.2 ± 4.7%
En
e
rg
y 
(5
0
0
 °
C
) 
co
co
a 
co
-d
ig
e
st
io
n
Biochar
48.3 ± 1.8%
Org. 7.2 ± 2.3%
Digestate
65.6 ± 2.2%
Biogas
C
ar
b
o
n
 (
3
5
0
 °
C
) 
co
co
a 
co
-d
ig
e
st
io
n
NCGs 11.4 ± 1.0%
*Aq. 5.4 ± 1.0%
**
*
**
*
*Aq. 1.3 ± 0.2%
*
**NCGs 1.5 ± 0.2%
*Aq. 4.9 ± 1.2%
*Org. 3.9 ± 1.3% *Org. 3.9 ± 0.4%
*
*
Biochar 
44.8 ± 4.8%
Org. 6.9 ± 0.7%
Digestate
65.6 ± 2.2%
BiogasC
ar
b
o
n
 (
5
0
0
 °
C
) 
co
co
a 
co
-d
ig
e
st
io
n
NCGs 16.7 ± 3.3%
*Aq. 1.3 ± 0.2%
*
M
as
s 
(3
5
0
 °
C
) 
co
co
a 
co
-d
ig
e
st
io
n
En
e
rg
y 
(3
5
0
 °
C
) 
co
co
ac
o
-d
ig
e
st
io
n
**Biogas 3.8 ± 2.2%
**
**Biogas 13.8 ± 2.2%
**
co
co
a 
co
-d
ig
e
st
io
n
Fig. 9 Sankey diagrams for mass, energy and carbon of the integrated
co-digestion/slow pyrolysis process at pyrolysis temperatures of 350 ◦C
and 500 ◦C. The dashed streams are errors, while the filled gray streams
are losses.
biochar and/or liquid products is considerable, but should how-
ever be avoided, as biochar and the organic phase themselves
present value and biochar its elevated ash content can cause slag-
ging during incineration for energy.
Once anaerobic digestion is coupled to slow pyrolysis, sufficient
energy is available in the biogas and non-condensable gases (gas
streams in Table 4) to sustain slow pyrolysis and recover addi-
tional energy. The energy in the gas streams (ca., 30% for mono-
digestion and 50% for co-digestion) always well-exceeded the up-
per limit of the required energy for pyrolysis, being 15%. There
is even sufficient energy to additional consume 2-5 MJ ·kg−1 to
pre-dry the cocoa waste to a moisture content of 10 wt.%60,61.
Depending on the market situation, the product portfolio could
be skewed towards either (i) energy and high quality biochar or
(ii) energy/biochar and high quality organic phase oil.
In scenario (i), the output of energy and high quality biochar
occurs through mono-digestion/slow pyrolysis at 500 ◦C and co-
digestion/slow pyrolysis at 500◦C (Fig. 8 and 9). For co-digestion
at 500 ◦C, 36% of the energy in cocoa pod husks/cow manure
mixture was retained in the gas stream (28.2% in biogas, 7.8% in
non-condensable gases, Fig. 9). Expressed on a co-digestate basis,
this corresponds to ca., 54.4% (Table 4), which is well above the
maximum threshold of 15% put forth by Crombie and Mas˘ek 59 .
For slow pyrolysis of mono-digestate at 500 ◦C, 34.81% of energy
was present in the gas stream, relative to the digestate. This is
also well above the required 15%. Biochar from co-digestion at
500 ◦C had the lowest H/C and O/C ratio (Fig. 4), indicating
a high recalcitrance upon soil amendment (Table 2). Although
this biochar thus presents the best quality in terms of O/C and
H/C ratio, it also comes with the lowest mass and carbon yield
of all processes (Fig. 9). A small increase in biochar yield (from
27.83 to 30.42 wt.%) can be expected if produced from mono-
digestate at 500 ◦C. This biochar also complies to the IBI and
10 | 1–13Journal Name, [year], [vol.],
Table 4 Comparison of all pyrolysis and integrated processes by (i) the energy yield relative to the apyrolysis feedstocks (i.e., raw cocoa pods,
mono-digestate and co-digestate) or to the braw feedstock (i.e., raw cocoa for direct pyrolysis, raw cocoa for mono-digestion and cocoa plus manure
for co-digestion), (ii) mass yield relative to the raw feedstocks, (iii) carbon yield relative to the raw feedstocks and (iv) the phenolics yields relative to
the raw feedstocks. cGas stream that only contains non-condensable gases.
Product Energyyield
bMass
yield
Phenolics
yield (%)
Raw cocoa
350 ◦C
cGas streams a11.64 ± 4.51 18.64 ± 0.25
Biochar 64.64 ± 2.89 49.20 ± 0.57
Org. Phase 28.99 ± 3.63 16.20 ± 1.98 0.94 ± 0.12
Raw cocoa
500 ◦C
Gas streams a14.24 ± 4.24 38.56 ± 2.20
Biochar 56.90 ± 1.19 39.00 ± 0.28
Org. Phase 12.02 ± 1.85 6.50 ± 0.99 0.38 ± 0.08
Mono-dig.
350 ◦C
Gas streams a27.92 ± 10.70 34.53 ± 4.09
Biochar 52.73 ± 2.68 37.92 ± 1.71
Org. Phase 22.46 ± 3.70 14.48 ± 2.29 0.88 ± 0.11
Mono-dig.
500 ◦C
Gas streams a34.81 ± 10.83 43.05 ± 4.16
Biochar 42.96 ± 2.08 30.42 ± 1.38
Org. Phase 16.56 ± 4.20 8.97 ± 2.24 0.55 ± 0.07
Co-dig.
350 ◦C
Gas streams a46.07 ± 10.53 40.00 ± 2.65
Biochar 52.79 ± 6.18 32.85 ± 0
Org. Phase 8.74 ± 2.95 3.95 ± 1.26 0.21 ± 0.03
Co-dig.
500 ◦C
Gas streams a54.44 ± 10.88 46.16 ± 4.73
Biochar 45.86 ± 7.09 27.83 ± 2.99
Org. Phase 8.24 ± 1.25 3.92 ± 0.41 0.22 ± 0.03
EBC guidelines (Fig. 4).
Whether or not mono- or co-digestate was opted as pyrolysis
feedstock, additional energy could be gained by combustion of
the organic phase. This appears advantageous when using co-
digestate, because this organic phase yielded the least amount of
valuable phenolics, relative to the cocoa and cow manure mix-
ture. Moreover, the organic phase from this process also was very
energy dense (ca., 2 times that of the cocoa/cow manure mixture)
and contained few oxygen, compared to other organic phases.
The nitrogen content also was only modestly higher, despite the
elevated nitrogen content of the co-digestate. Nevertheless, ap-
propriate pre- or post-treatment measures can be implemented to
control the nitrogen content of the organic phase. Co-combustion
of this organic phase would add 8.2 percent points to result in
a total energy recovery of 57.6%, relative to the cocoa and cow
manure mixture. In case of mono-digestate pyrolysis at 500 ◦C,
9.0 percent points would be added to obtain a total energy recov-
ery from the gas stream and organic phase of 52.2%, relative to
the digestate. This recovery is slightly lower than for co-digestate
pyrolysis at 500 ◦C. Moreover, valuable phenolics in this organic
phase (here, the highest among all organic phases produced at
500 ◦C) would remain poorly valorised. Therefore, the recovery
of alkylphenols cold be performed, along biochar and energy.
In scenario (ii), the output of energy/biochar and high quality
organic phase oil occurs through mono-digestion/slow pyrolysis
at 350 ◦C (Fig. 8, Table 4). Indeed, this integrated process re-
covers (more than) enough energy (27.92 ± 10.70 % on mono-
digestate basis) to sustain pyrolysis. Moreover, the least amount
of the less-valuable aqueous pyrolysis liquids among all processes
were obtained (Fig. 8). On the other hand, Table 4 shows that
the quantity of phenolics in the organic phase from pyrolysis of
mono-digestate at 350 ◦C (0.88 ± 0.11 wt.%) is almost as high as
for undigested cocoa pods (0.94 ± 0.12 wt.%), despite 21 wt.%
of the cocoa pod husks was channeled to biogas (Fig. 8). This
once more exemplifies that selectively converting the holocellu-
lose fraction in cocoa pod husks to biogas results in a lignin-
enriched digestate from which phenolics could be obtained in
almost similar quantities as direct pyrolysis. The phenolic com-
pounds were mostly methoxyphenols and methoxyalkylphenols
(Fig. 6). Therefore, extraction of these methyoxy(alkyl)phenols
might be opportune, as these are considered renewable build-
ing blocks for chemistry and plastic industry62–66. Recently, an
extraction scheme has been proposed, able to separate these
methoxyphenols with an increased selectivity, by carefully con-
trolling the pH of the extracted solution54. Alternatively, is has
been suggested that the pooled group of phenolics could be val-
orised (with or without upgrading) to polyols and polyurethane
foams, as well aromatics for fuel additives65,67. After separating
phenolics, meaningful quantities of the heavy organic phase re-
main, which can be used for energy recovery or as constituent
for bio-asphalt or bio-bitumen68. As ca., 16 wt.% of the organic
phase was GC-detectable, the organic residue upon extraction
of the GC-detectable fraction containing phenolics could be es-
timated to ca., 84 wt.%.
Biochar from scenario (ii) came in the highest relative yield
(37.9 wt.%) among all four integrated processes, while also hav-
ing the highest pH (hence, causing decreased Cd uptake by cocoa
beans). Also, the O/C and H/C ratio of that biochar strongly de-
creased, but however not sufficient to fall in the range to adhere
to the IBI and EBC voluntary guidelines (Fig. 4). Hence, the soil
stability of this biochar will be lower than biochar from 500 ◦C
of the same feedstock. Therefore, along with soil amendment
for nutrient recovery, incineration can be considered, resulting in
an energy recovery of 72.5% (20.3 from biogas and 52.7 from
biochar, Fig. 8). However, the ash content has to be considered in
this scenario.
4 Conclusions
This study demonstrated integrated anaerobic digestion/slow py-
rolysis for agricultural residues, with cocoa pod husks as example
Journal Name, [year], [vol.],1–13 | 11
case. The integrated anaerobic digestion/slow pyrolysis process
converted the biodegradable carbohydrates of the bio-waste into
biogas, while converting the digestate with beneficial properties
for subsequent processing through slow pyrolysis into superior
biochar and pyrolysis liquids. By doing so, these voluminous co-
coa pod husks can effectively be valorised into energy and valu-
able biorefinery intermediates, being biochar for soil amendment
(and decreased Cd uptake) and organic liquids rich in phenolics
for further upgrading. Biochar itself is recommended to be pro-
duced from the integrated co-digestion/slow pyrolysis process at
500 ◦C or from the integrated mono-digestion/slow pyrolysis pro-
cess at 500 ◦C. Such strategies result in high quality biochar, with
O/C ratios between 0.06 and 0.10, H/C ratios between 0.46 and
0.48 and a pH between 11.36 and 12.42. In both strategies, slow
pyrolysis can be self sustaining and 52.2 and 57.6% of the en-
ergy could be recovered, relative to the initial mass of cocoa or
cocoa plus manure. Alternatively, biochar could be obtained in
higher yields and with higher pH upon mono-digestion/slow py-
rolysis at 350 ◦C, however with O/C ratio of 0.27 and H/C ratio
of 0.89. In this strategy, co-evolution of an organic phase rich in
valuable phenolics (6.1 wt.% on liquid basis; 0.88 wt.% on feed-
stock basis), especially methoxyphenols is realised. Overall, this
study outlines the first essential steps towards the bio-refining of
agricultural residues and cocoa pod waste into a valuable set of
outgoing products.
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